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Final-state interaction effects in charmless -B U;< j iS — > PP decays are studied. We investigate the B° — > ir + ir~ , 7r°7r° 
rates and the Kir direct CP violations, which lead to the so-called Kn puzzle in CP violation. Our main results are 
as follows: (i) Results are in agreement with data in the presence of FSI. (ii) For B decays, the n~*~n~ and n°n° rates 
are suppressed and enhanced respectively by FSI. (iii) The FSI has a large impact on direct CP asymmetries (A.) of 
many modes, (iv) The deviation(A.A) between A(B° — » K~n + ) and A(B~ —* K~tt°) can be understood in the FSI 
approach, (v) Sizable and complex color-suppressed tree amplitudes, which are crucial for the large tt°tt rate and 
A.4, are generated through exchange rescattering. The correlation of the ratio B(7r°7r°)/S(7r + 7r _ ) and A.A is studied, 
(vi) The B~ — > 7r — 7r° direct CP violation is very small and is not affected by FSI. (vii) Several B a decay rates are 
enhanced. In particular, the r/'r/' branching ratio is enhanced to the level of 1.0 X 10 — 4 . (viii) Time-dependent CP 
asymmetries S in Z} d s decays are studied. The AS(B° — » Ksv') ls very small (< 1%). We found that the asymmetries 

O . m „ 5; - „„. w - ,V ^ « - — - CP — «. - — - — . - «- «■ 

1. Introduction 

The study of B decays provides many useful information of the flavor sector of the Standard Model (SM) [l|] and 
it also enables us to search for possible New Physics effects. Recently there are many interesting results (a) The 
' measurements of the time-dependent CP asymmetries in kaon and charmonium final states give a rather precise value 
of sin 2/3 = 0.681 ± 0.025 0, where f3/<j>i = arg(V t * d ) with V the Cabbibo-Kobayashi-Mashikawa (CKM) matrix. In 
the SM, time-dependent CP asymmetries in penguin dominated modes are expected to be close to the sin 2(3 value. 
Consequently, these asymmetries are promising places to search for new physics effects Q. (b) Although A(B~ — > 
K~tt°) ~ A(B° — > K~n + ) was expected in many early theoretical predictions [1, 0|, the recent measurements show 
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A(K-n+) = (-9.813;:?)% and A(K-tt°) = (5.0 ± 2.5)% Q, giving A{K~tt ) - A(K-tt+) = (14.81^)%, which is 
more than 5 a from zero. This is the so-called Kir puzzle in direct CP violation, (d) The observed large B° — > tt° tt° 
rate [l| is puzzling and posing tension in many theoretical calculations, (e) Data for B s decays are starting to emerge 
from the Tevetron 1] and from B factories, and we anticipate more to come in the near future. Measurements of 
rates and CP asymmetries in B s decays will be useful in testing the SM and in searching for new (physics) phases. 
In fact, recently, a claim on the evidence of new physics effect in the B s mixing was put forward 

Before we can claim on New Physics effects in the above puzzles, it is important to investigate these processes 
^ . within the SM carefully. As shown in Fig.[Tj final state interaction (FSI) may affect B — > 7r°7r° and K~n° amplitudes 
J"j , and, hence, may help to resolve the the irir and Kn puzzles at the same time we consider a FSI approach 

with both short- and long-distance contributions, where the former are from in-elastic channels and are contained in 
factorization amplitudes, while the latter are from the residual rescattering among PP states. We have 

n 

Af SI = J2(*rM aC , (1) 
i=i 

where i,j = 1, . . . ,n denote all charmless PP states, Aj is the factorization amplitude. The residual rescattering 
effect is encoded in the S res matrix. In factorization approaches, the above S res is taken to be unity. For the 
factorization amplitudes, we use those obtained in the QCD factorization approach Q. Since strong interaction has 
(an approximate) SU(3) symmetry, which is expected to be a good one at the mj rescattering scale and, hence, can 
be used to constrain the form of S res . From SU(3) symmetry and the Bose-Einstein statistics, we have 

27 8 

{S res ) 1 l 2 ^Y,\27;a)e^{27;a\+Y, £ \p; b)^/ 2 (q; b\ + £ \p;l)V^(q;l\, (2) 

a=l 6=lp,g=8,8' p,q=l,V 
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Figure 1: Exchange rescattering in B° — > 7r°7r°, B — » K tt° and B s — » rf''rf'^ decays. 



where W and V are mixing matrices. Experimental data is used to determine phases and mixing anglesjn S res . Note 
that similar formulas for B — > DP, DP, PP rescatterings from SU(3) symmetry have been used in [. 



2. Results 



In Table [l] we show the CP-average rates and direct CP violations of B°, B~ , B s — > PP decays [6j. In the table, 
Fac and FSI denote factorization and FSI results, respectively. 

We discuss the rates in B° and B~ decays first. As shown in Table U the residual FSI results agree with data. 
After the residual FSI is turned on, some rates are enhanced remarkably. We see that B° decays in the AS = 
transitions receive large contributions from the residual FSI. In particular, through the residual FSI, B° — > 7r + 7r~ 
and 7r 7r° rates are reduced and enhanced roughly by factor 2, respectively, leading to a better agreement with data. 



In Fig. Ufa) , we show the B a 



and 7r°7r° rates versus the FSI phase 5. We see that B Q 



rates are reduced and enhanced, respectively, as S is increasing. Both rates reach the measured ones at S ~ 0.37T. 

It is known that in order to have the 7r°7r° rate as large as observed, we need a sizable color-suppressed tree 
amplitude fioj ] . In the residual FSI, a large color-suppressed tree contribution can be generated from the exchange 
rescattering. As shown in the upper part of Fig. [TJ the color-allowed tree amplitude of the B° — > tt + tt~ decay, the 
main FSI source in this sector, can produce a color-suppressed tree amplitude for the B° — ► 7r°7r° decay through the 
exchange rescattering. At the same time, the ir + ir~ rate is reduced as it rescatters. 

We turn to results for direct CP asymmetries in B°,B~ — > PP decays. In general, the residual FSI has a large 
impact on direct CP violations of many modes. We concentrate on the modes that lead to the Ktt puzzle. From 
Table|I]we see that before the residual FSI is turned on (i.e. taking S res = 1), we have A(B° — » K ~ A(B~ — > 
K~ir°) ~ —0.12. After turning on the residual FSI (S res ^ 1), the asymmetry A(B° — > K~n + ) changes from 
~ —0.12 to ~ —0.09, while A{B~ — » K~n a ) changes from ~ —0.12 to ~ +0.05, reproducing the experimental 
results. The residual FSI has a more prominent effect on A(B~ — » K~tt°), and, hence, it is capable of lifting the 
degeneracy of A(B~ — > K~ir°) and A(B° — * K~n + ). It is known that a sizable and complex color-suppressed tree 
amplitude in the B~ — > K~ir° decay can solve the Kit puzzle [13]. As depicted in Fig. [TJ a color-suppressed tree 
amplitude in the K~tt° mode can be generated from the exchange rescattering of B~ — > K~rf'' color-allowed tree 
amplitudes. The rescattering leads to the desired large and complex color-suppressed amplitude in the K~ir° mode 
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Table I: Branching ratios B and direct CP asymmetries A of various B —> PP modes. 



Mode 


B Exp (10- 6 ) 


B Fac (10" 6 ) 


Z3 FSI (10- 6 ) 


A Exp (%) 


A Fac (%) 


A FSI (%) 


B° -+ K-7T+ 


19.4 ±0.6 


(16.0) 


9fl 1 +1.7+2.5 
ZUi± -0.3-2.5 


-9.8±\i 


(-11.8) 


q n +2. 0+2.0 
J - u -0.6-2.2 


B° -► K°7Y° 


9.8 ±0.6 


(7.2) 


Q 9+O.7 + I.2 
a - z -0.2-1.2 


-l±13* c 


(3.3) 


in 0+2.2+1.7 
_i ^-°-1.0-1.5 


B° -► 


1.0 ±0.3 


(0.9) 


1 ^+0.4+0.5 
J -^— 0.1-0.4 


- 


(10.7) 


90 7+8.0+3.3 
z °- ' -1.9-1.9 


B° K°r]' 


64.9 ±3.1 


(66.4) 


fjc q+6.9 +9.2 
U"-»_io, 6-8.1 


4.8 ±5.1 


(0.2) 


i 7+0.8+0.3 
L - 1 -0.2 -0.4 


B~ -> i?°7T- 


23.1 ± 1.0 


(18.0) 


99 r+2. 6+3.0 
zz - J -l.l-0.7 


0.9 ±2.5 


(0.3) 


n q + 0.7 + 1.2 
u -°-0. 6-1.1 




12.9 ±0.6 


(10.1) 


19 j+1.5 + 1.6 
■"-^-0. 2-1.6 


5.0 ±2.5 


(-11.8) 


4 0+1.4 + 1.9 
4-8-1.2-2.0 




2.7 ±0.3 


(1.4) 


9 -I +0.6+0.6 
z " L -0.1-0.5 


-27 ±9 


(39.8) 


97 q+8.6+10.8 
z ' • J -3.0-6.3 


B~ -> 


70.2 ± 2.5 


(70.1) 


7fl Q+6.6 +10.3 
,u -°_12.3-9.2 


1.6 ± 1.9 


(-2.6) 


q + 1.0+0.5 

"^-o.s-o.s 


B~ -> TT-TT 


J - oy -0.40 


(5.18) 


r 1 Q+0.55+0.00 
d ' lo -0.38-0.00 


6±5 


(-0.06) 


n nfi+ - 00 + - 00 

U.UU_Q Q1 _Q QQ 


B~ -> K°K~ 


1 oc+0.29 
J..OU_q 27 


(1.22) 


1 /ifi+0.35+0.15 
1 -^°-0.04-0.13 


iz -18 


(-3.5) 


1 9 S+ 91 +160 
lz -°-12.8-17.8 


B~ — » 71-^77 


4.4 ±0.4 


(4.10) 


4 90+O.59+O.34 
*- z,3 -0.23-0.37 


-16 ±7 


(19.7) 


in q+4.1+3.5 
lz,J -2.9-3.2 




9 7+0.6 

Z -'-0.5 


(3.09) 


01 +0.19+0.65 
- 0J -— 0.51 -0.54 


21 ± 15 


(22.8) 


t- 4 0+5.3 +1.7 
°^'°-10. 6-3.0 


B° -» TT + TT" 


5.16 ±0.22 


(6.65) 


r on+ 1 -9 2 +0.39 
J - OU -0.49-0.40 


38 ± 15* d 


(22.3) 


r r + 10.2+4.6 
ld -°-4.3 -4.5 




1.55 ±0.35*° 


(0.50) 


1 n4+°- 12 + - 10 

^^-0. 55 -0.08 


40+25 


(-51.5) 


,0 q+11.5+11.8 
10.0_ 33 j _ 13 j 




0.8±0.4(< 1.4) 


(0.21) 


n 4 «+o.24+o.io 

"■^O-0. 11 -0.08 


- 


(-11.7) 


r n 7+15.0+15.7 
OU. 1-12.4-16.3 


B° -» W 


0.5±0.4(< 1.2) 


(0.22) 


n OO+0.39 +0.24 
u - oo -0.40-0.21 


- 


(-28.5) 


r 7+9.5 +7.8 
°- 1 -22.2-7.4 


S° -► 1/1/ 


o-9±S:?(< 2- 1 ) 


(0.16) 


1 nfi+ 116 + - 36 

J-UU_0.3i_0.28 


- 


(3.6) 


9 Q 7+26.2+8.3 
1—1,7 -6.6 


B° -> K + K~ 


u.io_ 10 


(0.09) 


n 1n +0.35+0.10 
u - ±u -0.02-0.06 


- 


(0) 


71 n +10.9+20.6 
' r- u -41 .4-15 .6 


B° -» I^T? 


96+ - 21 


(1.47) 


1 1n +0.46+0.12 
1 - ±u -0.12-0.11 


co+73 
~ 08 -66 


(-9.0) 


07 0+ 8.4 + 15.2 
01 -°-37.1 -15.0 


B° -» A 


0.9±0.4(< 1.5) 


(0.26) 


r, ni +0.05+0.06 
u - oi -0.01-0.06 


- 


(19.7) 


7 9+11.5+0.4 
'■ z -13.8-0.5 


S° -» 7r°T7' 


1.2±0.7* 6 


(0.32) 


n 49+O.O2+O.I3 
u -* z -0.15 -0.11 


- 


(13.2) 


99 7+ 7.7 + 1.0 
zz - ' -20.5-1.0 




5.00 ±1.25 


(4.72) 


A 01 +1-57+0.20 
^• o± -0.39-0.22 


39 ±17 


(33.4) 


26 fi+ 2 ' 7 + 4 ' 8 
zo -°-5.2-4.7 




- 


(0.68) 


i 10+0. 24+0. 05 
i - lo -0.33-0.04 


- 


(-49.1) 


AT. r + 30. 7+10.1 
10.0_ 12 .6-10 .5 


B s ° - 


- 


(0.28) 


n rn+0.10+0.04 
u - J3 -0.16 -0.04 


- 


(2.0) 


7fi 4+14.9+6.0 
'°- 4 -5.1 -7.7 




- 


(2.33) 


9 A A +0.14 +0.42 
z -^-0. 44-0.36 


- 


(2.5) 


-14 6+ 4 - 3 +5 - 7 

i1-0_21.8-4.2 


B s _ „.+„.- 


0.53 ±0.51 


(0.30) 


Ofi+l.72+2.93 
U - OU -0.19-0.85 


- 


(0) 


R 1 +9.7+56.4 
°- x -1.2-21.5 


B s ° tt'V 


- 


(0.15) 


n 40+O.86+I.47 
u -^°-0. 10-0.43 


- 


(0) 


R 1+9.7 + 56.4 
°- x -1.2-21.5 


B s ° W 


- 


(17.5) 


9n 9+7.6+5.9 
zu.z_ 1 2-4.5 


- 


(1.6) 


r+2.6 + 1.9 
°-°-l. 6-1.4 


B° - W ' 




(70.8) 


f?q R +47.1+13.7 
UO.U_ g 2 _9 7 




(0.4) 


n 9+I.7+I.I 
u ' z -0.1 -1.0 


B s ° - ijV 




(81.9) 


QQ 1+6.9 +15.2 
»»-l_72. 3-13.4 




(0.2) 


n n +0.2+0.4 
u ' u -3.5-0.3 




24.4 ±4.8 


(24.7) 


9 n 7 +11.5+3.3 
zu -'-2.1 -3.0 




(-11.9) 


-11 n+ 31+27 

11 - u -1.3-2.9 






(25.4) 


9 n 4 + 12.I+3.8 
zu -^-1.8 -3.4 




(0.3) 


9 9+I.8+I.2 
z ' z -0. 3-1.1 


B s ° - 7T 77 




(0.06) 


n nQ+ 03 + 00 

u - U3 -o.oo-o.oo 




(3.9) 


09 0+5.5 +4.2 
° z -°_20.0-4.9 


B s ° -> 7r°77' 




(0.09) 


n 1 o+0. 03 +0.01 
u - 1>3 -0.00 -0.01 




(37.5) 


no Q+2-7 +3.2 
»0.3_ 16 g_ 4 4 



*S factors of a 1.8, 6 1.7 c 1.4 and d 2.4 are included in the uncertainties, respectively. 



and resolves the Kn direct CP violation puzzle without the need of introducing any new physics contribution. 

As noted before, the exchange rescattering is also responsible for the enhancement of the B° — > 7r°7r° rate. In 
Fig. [2Id), we show a two-dimensional plot, exhibiting the correlation of the ratio B(B° — > tt tt )/B(B q — > 7r + 7r~) 
with the difference AA = A(B° — * A' _ 7r + ) — A(B~ — * K~ir°). The light shaded area corresponds to the restricted 
SU(3) case, the dark shaded area and the solid line correspond to the exchange-type U(3) case. We clearly see that 
the data can be easily reproduced and the exchange rescattering is responsible for generating sizable and complex 
color-suppressed tree amplitudes that account for the difference AA and the B(B° — » tt°it )/B(B — » 7r + 7r _ ) ratio 
at the same time. 

We also note that the direct CP violation of B~ — > 7r~7r° is very small and does not receive any contribution from 
the residual rescattering, since it can only rescatter into itself. The A(B~ — » 7r _ 7r°) measurement remains as a clean 
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Figure 2: (a) B° -> tt+tt", tt'V rates, (b) B° s -> r) { ' ) rj {,) rates and (c) direct CP violations of B° -> K~ n + and B~ -> if~7r° 
versus the FSI phase 5 are plotted. The solid (dashed) line corresponds to the SU(3) (exchange-type U(3)) case. Bands are 
1-a ranges of data. Theoretical uncertainties are not shown. Note that the fitted S/n is around 0.3. (d) Correlation of the 
ratio B(B° -> tt°tt°)/B(B -> tt+tt") with the difference AA = A(K~n + ) - A(K~n°) is also plotted. The light shaded area 
corresponds to the restricted SU(3) case, the dark shaded area and the solid line correspond to the exchange- type U(3) case. 



way to search for new physics effects [111 ]. 

We now turn to B s decays. Comparing to data, we see from Table fl] that the B(B S 



K-n+), B{B S -> K+K-) 



Table II: Results on the time-dependent CP asymmetry S of various B$ 



PP modes. 



Mode 



S Exp (B d ) 5* F 



(B d 



S^(B d 



fl 770+0. 003 +0.014+0.003 
'°-0. 037-0. 013-0. 002 
fl 7CQ+0.013 +0.043 +0.000 
U. IOi)_ Q . 050 _o .039_o .001 

fl RCO+0.008 +0.004 +0.000 
U.OOZ_ Q Q02-0 .004-0 .000 



S Exp {B s 



S F * c {B a 



S FS1 (B a ) 



B°,, 



K s ri 
Ksv' 



B d ,s 




ir + TV 


B° d ,s 





TV 7T 


B d ,a 




r]Tj 


B d , s 




W 


B d ,3 




rfrf 


B°d, a 




K+K~ 


B d ,s 




K°K° 



0.58 ±0.17 
0.60 ± 0.07 



(0.780) 
(0.831) 
(0.691) 



(-0.315) 
(-0.137) 
(-0.174) 



f_n wn _ n ^zL9+ ' 088 +°- 038 + ' 139 

V U.OJlj u - J ^-0.005 -0.034 -0.074 

fn»^A\ fl /1O/I+0. 425+0. 096+0 .145 

(U.854) U.484_ 114 _ 109 _ 096 

f n08fl n onQ+O- 122 +0 144+0.160 

^ U.yOOj U.OUO_o. 237-0. 110-0. 089 

r-0Q45l -0 q4B+o.oi5+o.020+o.034 

^ u.yio; u.y^o_ 036 -0.016 -0.016 

C_n nnn _ n qi 7+o.o89+o.o30+o.ooi 

( U.3U1J I „o. 024-0. 021 -0.000 

( U.3ZU; U.UOU_ 289-0. 187-0. 046 

i'_niim n 007+0.264+0.072+0.002 

( U.llUj U.OZ I _o.283 -0.068-0.011 



I^U.Uiyj U.UO(_o. 14 5_ . 012 -0.004 

(n nAi\ n ns/i+o- 064 + - 016 + -oo 01 
(OU43J U.U84_ 12 4-0 .018-0 .003 



— i55+0- 1 i 6 + -0 61 +0- 1 °i 
0.076; 

n nm +0.046 +0.077 +0.001 
U.UU1_ 109 -0.0848 -0.001 



,+0.255+0.031+0.091 
-0.416-0.050-0.157 



fYllzLn n nQ r+0.055 +0.109+0.002 

^U.llOj u - u » d _0.014 -0.942 -0.001 

(n 14^ n nQ^+o o^+o-ioo+o- 002 

U.U»0_o.oi4 -0.942 -0.001 

( nr>Ai\ n nt=i7+°- 029 + - 016 + - 003 

(. U.UIlj U.UO(_ . 002-0. 017-0. 004 

(-0006) _n 016 +0 016+0 005+0 001 

I, U.UUDj u - uio -0.007 -0.003 -0.002 

fn nqil n nzL o+0. 013 +0.003 +0.000 

(U.U.31J U.U4»_ 014 _ .003-0 .000 

(0W4) 1Q5+0-019 +0.017+0.005 

l Uil "J U.l»O_ 035-0. 021-0. 004 

rn nnsi -n ni n+ 023 +0007+0.001 

l^U.UUOJ U.U1U_ 010 _o .005-0 .002 



rn fiqp n un+ 175+0 008+0 044 

I^U.Oyi; U.1W_ . 230 -0.007-0.025 

(n Blf^ fl 1 oc+0. 169+0. 095+0. 065 

^U.OlUj U - 1JO -0. 145-0. 096-0. 037 



-0.65 ± 0.07 



-0.38±n?? ± 0.09 



-1.28 



0.77 

+0.80+0.11 
0.73-0.16 



B°d,s 
B°d,s 
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rates agree well with data, while the data on B(B S — > tt + it~) and A(B S — » K~ir + ) can be reproduced, the results 
have large uncertainties. We expect the residual FSI to have sizable contributions to various B s — > PP decay rates 
(see the lower diagram in Fig. QJ. The plot of B s — > rf-'^rf-'^ ra te versus <5 is shown in Fig. [DJb). The — * rfrf rate 
is enhanced and reaches 1.0 x 10~ 4 , which can be checked soon. The B s —* K°ir°, K°rj modes are also quite sensitive 
to the residual rescattering. Similar to B U: d cases, the residual FSI also has large impacts on many A(B S — ► PP). 
Results on time-dependent CP-asymmetries S are given in Table |TT] [6j . The last uncertainty comes from the 



variation of j/4>3 = (67.6^ 4 14|. We fit to data on mixing induced CP asymmetries. For B° decays, we define 



AS* = sin2/3 c ff — sin2/3 cE x, where sin2/? c g = —r)fS(f) with r\f the CP eigenvalue of the state /. Comparing with the 
recent value of sm.2f3 C cK — 0.671 ± 0.024 [lj as measured in B° — ► K + charmonium modes, we obtain: 

AS(K s n°) = Q.1071S, AS(K sV ) = 0.098±g:8i|, AS(K sV ') = O.Olllffi (3) 

The AS(KsTj'), is a promising test of the SM. These AS(Bd) agrees with those found in 

For B° s decays, the S contributed from B®-B S mixing itself is around —0.036. Hence, for penguin dominated 
b — » s transition, we do not expect the corresponding |5| to be much larger than 0(0.05). Indeed, the predicted \S\ 
as shown in Table HT1 for B® — > r/rj, tj'tj' and r/rj' decays are all below 0.06. Given the recent interesting preliminary 
results in the B s phase [H, Ej], it will be very useful to search for S in these B s charmless decays. 
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